Juvenile recruitment, growth, survival, and time to sexual maturation of rodents are all negatively affected by high densities of adults. But whether density of males, of females, or total density of adults has the greatest effect on juveniles is not known. We maintained populations of gray-tailed voles, Microtus canicaudus, in 0.2-ha enclosures with densities of 30 males, 10 females (male-biased); 20 males, 20 females (control); and 10 males, 30 females (female-biased) breeding adults. With juvenile recruitment, population densities increased to 180 voles/enclosure (700 voles/ha) in male-biased enclosures and 200 voles/ enclosure (1,000 voles/ha) in control and female-biased enclosures. Recruitment, growth, and survival of either sex juvenile were not affected negatively by adult males but recruitment and time to sexual maturation of young females were negatively affected by high densities of females. Reduced juvenile recruitment was likely due to neonatal death before emergence from nest. We conclude that females have a greater negative effect on juvenile recruitment and reproductive development than do males. This difference was slight, however, and under normal densities of wild populations probably has minimal impact on vole demography.
Populations of small rodents such as voles and lemmings often fluctuate on a 3-4-year periodicity (Krebs 1996; Krebs and Myers 1974; Norrdahl 1995) . These populations reach very high numbers, often exceeding 200 voles/ha and then crash to very low numbers (Batzli 1992; Krebs and Myers 1974; Norrdahl 1995) . Three characteristics of increasing and high population densities are reduced juvenile recruitment, reduction of individual growth rates, and delayed sexual maturity of juveniles recruited into the population (Boonstra 1989; Chitty 1967; Krebs 1978; Ostfeld and Canham 1995; Wolff 1997) . These traits may result from resource limitation (Batzli 1992; Cockburn and Lidicker 1983; Pitelka 1964) or intrinsic social stress * Correspondent: jwolff@memphis.edu (Boonstra 1994; Chitty 1967; Christian 1950; Krebs 1978) . Little evidence supports a food-limitation hypothesis for limiting population growth in microtine rodents (Batzli 1992; Boutin 1990; Norrdahl 1995; Ostfeld and Canham 1995; Ostfeld et al. 1993; Wolff and Schauber 1996 ; but see Krebs 1996 ). The social stress or self-regulation hypothesis has been proposed (Boonstra 1994; Chitty 1967 Chitty , 1987 Heske et al. 1988; Krebs 1978 Krebs , 1985 , but no experimental studies have tested the mechanisms by which stress could regulate populations (Wolff 1997) . Reproductive or resource competition (or both) should be intense at high densities, but which sex adult is responsible for reduced recruitment, growth, and sexual maturation of each sex juvenile also is unknown.
Females generally are assumed to have a greater impact on inhibiting juvenile recruitment than males (Anderson 1989; Lambin 1994; Rodd and Boonstra 1988; Wolff 1993) . One hypothesis for reduction in recruitment, growth, and sexual maturation in young voles is infanticide (Wolff 1997) . Infanticide in rodents does not appear to be sex-specific (Cicirello and Wolff 1990; Ebensperger 1998; Soroker and Terkel 1988) ; thus both sexes would be affected equally and the response should be density-dependent. Because females typically compete for territories (Ostfeld 1985; Wolff 1993; Wolff and Peterson 1998) and exclusive offspring-rearing space generally is required for breeding, at high densities young females that cannot acquire an exclusive breeding site may delay sexual maturation until densities decline or space becomes available (Wolff 1997) . Thus, adult females would affect growth and sexual maturation of young females but not young males.
Males could impact juvenile recruitment by killing neonates directly or by negatively affecting growth and survival. The former would affect both sexes equally (see Agrell et al. 1998 and Ebensperger 1998 for reviews), whereas the latter would affect only male recruits. Infanticide committed by males is inversely associated with confidence of paternity (Agrell et al. 1998; Ebensperger 1998) . If competition among males for access to females is intense (Lidicker 1973; Ostfeld 1985; Rose 1979) , adult males may selectively inhibit sexual development of young males but not young females. Thus, the reproductive-competition hypothesis proposes that each sex adult should inhibit growth and sexual maturation of same-but not opposite-sex juveniles that enter the population.
Stress due to anxiety, fear, and crowding may result in an increase in adrenal-cortical activity and a decrease in pituitary-gonadal activity affecting the immune and reproductive systems. This form of stress can result in a general inhibition of growth and sexual development in both sexes (Christian 1980; Davis 1978 ). This hypothesis also predicts an overall decrease in survival of juveniles in response to general crowding but does not make specific predictions about limiting food resources or which sex adult or juvenile should be affected. Similarly, if food resources were limited and resulted in either direct competition or a nutritional deficiency, a reduction in recruitment, growth, and sexual maturation should result from high densities of either sex adult and affect juveniles of both sexes equally.
Our objective was to determine how high densities of each sex adult affect juvenile recruitment, growth rates, survival, and timing of sexual maturation. Specifically, we tested the hypotheses that adult females would negatively affect young females, adult males would affect juvenile males, and total density would affect juveniles of both sexes. For this study, we used the gray-tailed vole, Microtus canicaudus, as our model species. We manipulated adult sex ratios to replicate populations of high densities of one sex and low densities of the other sex. Total densities were typical of a high-density population, about 200 adult voles/ha. With this experimental design, we could determine if sex-specific juvenile recruitment, growth, survival, and sexual maturation were density-dependent and, if so, influenced by which sex adult.
MATERIALS AND METHODS
Experimental model species.-Since 1991, we have studied the population and behavioral ecology of the gray-tailed vole in the Willamette Valley, Oregon. Gray-tailed voles exhibit demographic and behavioral characteristics typical of other Microtus species (Taitt and Krebs 1985; Wolff 1985; Wolff et al. 1994 . Adult gray-tailed voles weigh 30-50 g; modal litter size is 6; breeding occurs primarily from March through November, but some breeding occurs throughout the year; dramatic fluctuations occur in vole numbers, but populations are not known to cycle per se (Verts and Carraway 1987; J. O. Wolff, in litt.) ; the mating system is promiscuous; females are territorial; males have large home ranges that overlap those of other males and several females; juvenile dispersal is malebiased; and females form kin groups (Bond and Wolff 1999; Wolff and Schauber 1996; Wolff et al. 1994 . Most of our work has been with experimental populations enclosed in 0.2-ha fenced enclosures (Edge et al. 1996; Schauber et al. 1997; Wolff et al. 1997 ), although we also studied voles on open trapping grids (Wolff et al. 1994 . A typical experiment involved a founding population of 6 pairs of unrelated individuals in each enclosure in May with summer densities ranging from 60 to 100 voles/enclosure (300-500 voles/ha). Typical demographic patterns included rapid initial rates of individual and population growth in early summer followed by a decline in growth and reproduction in late summer due primarily to delayed growth and sexual maturation of juveniles (Edge et al. 1996; Wolff and Schauber 1996; Wolff et al. 1997) . Densities of adults were typically 15-25 of each sex per enclosure by late summer.
Study area.-The research site is located at the Hyslop Agronomy Farm of Oregon State University, approximately 10 km north of Corvallis, Oregon (123Њ12ЈW, 44Њ38ЈN). Twentyfour 0.2-ha enclosures were constructed at the research site. Each enclosure was 45 by 45 m and was constructed of galvanized sheet metal approximately 90 cm above ground and buried 90 cm deep to prevent escape or entry by burrowing animals. The top was open, but predation was minimal during summer. Each enclosure was planted with a mixture of pasture grasses composed of fawn tall fescue (Festuca arundinacea), Linn perennial ryegrass (Lolium perenne), perennial tetraploid ryegrass (L. perenne), annual ryegrass (Lolium multiflorium), and Potomac orchardgrass (Dactylis glomerata), which is similar to the natural habitat of gray-tailed voles. The coverage of grasses in all enclosures was 95-100%. A 1-m strip along the inside of each fence was mowed to minimize small mammal activity near the fence. Annual precipitation was 108 cm, most of which fell in winter and spring. We randomly chose 12 enclosures for this study. All enclosures had 81, large-size (7.5 by 9.5 by 25.5 cm) Sherman live traps in a 9-by-9 array with 5-m trap spacing.
Experimental procedures.-In May 2000 we removed all voles in the 12 experimental enclosures by trapping for 10 successive days; voles were released into surplus enclosures not used for our experiment. In early June 2000, 40 adult gray-tailed voles captured in the surplus enclosures were released into each of the 12 experimental enclosures. Voles in each experimental enclosure came from a mixture of surplus enclosures to reduce the potential for inbreeding effects. The 12 experimental enclosures were randomly assigned to 3 treatments: control (20 adult males, 20 adult females), male-biased (30 adult males, 10 adult females), and female-biased (10 adult males, 30 adult females). We used 4 replicates for each treatment group. Forty adults/enclosure is equivalent to 200 voles/ha, which is considered high, but not peak, density for voles. Thirty adults of one sex are equivalent to 150 voles/ha of that sex, which is higher than most peak densities.
Voles were trapped in the enclosures for 4 consecutive days (trapping period) at 2-week intervals from early June through the end of September 2000. Traps were baited with oats and sunflower seeds, set just before sunset and checked once a day at sunrise. All captured animals were ear-tagged for identification, and we recorded data on mass, sex, reproductive condition, and trap location for each captured animal. Probability of capture in our enclosures is greater than 80% (Edge et al. 1996; . Recruits typically are 1st captured when they weigh 15-19 g. Females were considered adults if they were reproductively active (lactating or pregnant) or if they showed signs of having bred previously (enlarged nipples and parted pubic symphyses). Males were considered adults if they were Ͼ30 g. Male gray-tailed voles do not exhibit enlarged scrotal testes as adults.
We removed or added adult voles throughout the experiment to maintain 40 adults/enclosure of the correct adult sex ratio. For animals removed, we attempted to select recruits that met the removal criterion and were regularly distributed throughout an enclosure. This protocol would be least disruptive to the social system. Adults were inventoried during the first 2 trap days, and numbers were adjusted during the remaining trap days in each trapping period. Voles that were removed were released into the surplus enclosures to provide a source for future additions. But by the 3rd trapping period the majority of adjustments to adult density were removals; few additions were needed because recruitment resulted in excess adult voles in each enclosure. Animals were cared for in accordance with the principles and guidelines of the Amer- Statistical analysis.-We used capture-recapture methodology to estimate survival rates and population sizes (Cormack 1964; Jolly 1965; Rexstad and Burnham 1992; Seber 1965) . Sexspecific survival rates were estimated using derivations of Cormack-Jolly-Seber's method with programs RELEASE (Burnham et al. 1987) and SURGE (R. J. Pradel and J. D. Lebreton, in litt.). The best models for male and female survival probabilities () were identified using Akaike's information criterion. We used the least significant difference (SAS Institute Inc. 1990 ) to test for differences in the sex-specific survival rates between controls and treatments (␣ ϭ 0.1).
We measured recruitment by the number of newly tagged voles captured in an enclosure per adult female captured in the same enclosure 4 weeks (2 trapping periods) earlier. The time lag allowed recruits to reach trappable size. We calculated time to maturity as the number of weeks between the time an animal was 1st captured until the time it met our criteria for being an adult (time to maturity was adjusted based on initial weight). We omitted animals captured for the 1st time during the last month of the experiment because these animals might not have had sufficient time to reach maturity.
When the assumptions were met, we used univariate repeated-measures analysis of variance (ANOVA) to test for differences in population size, population growth rate, juvenile recruitment, time to sexual maturity, and proportion of adult females in reproductive condition among treatments over time and for detecting time-bytreatment interactions. Otherwise, we used multivariate repeated-measures ANOVA to test for differences. In this study, the time-by-treatment interaction was the primary effect of interest (Paine and Paine 1996) . All data were checked for normal distribution before conducting ANOVAs. We used the arcsine square-root transformation on proportion data, natural logarithm on population sizes, population growth rates, and recruits per adult female to stabilize variances. When a main effect or an interaction was detected, we conducted a 1-way ANOVA for each trapping period. Natural variation in demographic variables in our previous experiments has always been high. To enhance the power of statistical analyses, we set ␣ ϭ 0.10 to detect biologically meaningful results (Schauber and Edge 1999) . All P values are presented to provide a level of confidence in the results.
RESULTS
We captured a total of 4,399 voles 15,467 times from 5 June to 29 September 2000. During that period 754 adult males and 811 adult females were removed from the enclosures, and 211 males and 354 females were added to the enclosures.
Gray-tailed vole populations in all enclosures increased during June and July and reached peak densities by trapping period 5 (Fig. 1a) . Population size differed over time (F ϭ 36.26, d.f. ϭ 7, 3, P ϭ 0.007), but we did not detect a time-by-treatment interaction (F ϭ 1.93, d.f. ϭ 14, 6, P ϭ 0.22; Fig.  1a) . But during the 3rd and 6th trapping periods, populations in male-biased enclosures were lower than in the other 2 treatment groups (Tukey's HSD tests, P Ͻ 0.10). Population growth rate in all treatments was positive throughout most of the experiment but declined over time (Fig. 1b) . Population growth rate differed over time (F ϭ 28.58, d.f. ϭ 6, 4, P ϭ 0.003), but no time-bytreatment interaction was detected (F ϭ 0.93, d.f. ϭ 12, 8, P ϭ 0.56).
Average proportions of adult females that were reproductively active ranged from 0.14 to 0.70 (Fig. 2) . Average proportions of adult females that were reproductively active peaked in trapping period 1 and declined toward trapping period 8 in all treatment groups. The proportion of females that were reproductively active differed over time (F ϭ 251.16, d.f. ϭ 7, 3, P ϭ 0.0004); however, no time-by-treatment interaction was detected (F ϭ 2.76, d.f. ϭ 14, 6, P ϭ 0.11; Fig. 2) .
We detected significant differences in recruits per reproductively active female over time for males (F ϭ 5.21, d.f. ϭ 5, 45, P ϭ 0.002) and females (F ϭ 3.98, d.f. ϭ 5, 45, P ϭ 0.007) and between control and treatments for males (F ϭ 3.53, d.f. ϭ 2, 9, P ϭ 0.07; Fig. 3a ) and females (F ϭ 7.98, d.f. ϭ 2, 9, P ϭ 0.01; Fig. 3b ). The number of male recruits was significantly less in the female-biased treatment than in the control in trapping period 5 (P Ͻ 0.10) and malebiased enclosures in trapping periods 6 and 7 (P Ͻ 0.10; Fig. 3a) . Similarly, the number of female recruits was significantly less than that in the control in trapping periods 7 and 8 (P Ͻ 0.10) and male-biased enclosures in trapping period 5 (P Ͻ 0.10; Fig.  3b ).
Of the 2,079 recruits captured during the study, 359 reached maturity before the end of the study. Time to maturity differed by sex and among treatments (Fig. 4) . Time to maturity for males did not differ among treatments (F ϭ 0.64, d.f. ϭ 2, 9, P ϭ 0.549). Time to maturity for females differed among treatments (F ϭ 4.48, d.f. ϭ 2, 9, P ϭ 0.045) and was greater in the female-biased enclosures than in the male- biased enclosures (Fig. 4) . But neither of these groups differed from groups in control enclosures (P Ͼ 0.1).
Juvenile survival rates per 2-week period were modeled separately for males and females, resulting in a different best model for each sex. Model selection based on Akaike's information criterion suggested that survival of juvenile males differed over time and among treatments. But juvenilemale survival fluctuated over time, and the pattern was inconsistent across treatment groups. Our best model for juvenile females suggested that survival was constant over time but differed among treatments. Juvenile female survival in male-biased enclosures ( ϭ 0.88, SD ϭ 0.014) was higher (least significant difference, P Ͻ 0.1) than in control enclosures ( ϭ 0.82, SD ϭ 0.014), but survival in female-biased enclosures ( ϭ 0.84, SD ϭ 0.011) did not differ from control or male-biased enclosures (least significant difference, P Ͼ 0.1).
DISCUSSION
Vole populations increased from an original 40 voles/enclosure to means of about 140 in male-biased enclosures and 200 in female-biased and control enclosures by midsummer. We maintained the adult breeding population in each enclosure at 40 individuals with the original designed sex ratios; additional animals were sexually immature juvenile recruits. Population densities were equivalent to 700-1,000 voles/ha, which is larger than occurs at peak densities in most wild (Taitt and Krebs 1985) or other enclosed populations (Ostfeld 1994) . Thus, if either sex of adult has a differential effect on recruitment of offspring, it should have occurred in our study.
Population growth rates were positive in all treatments until midsummer (trapping periods 4-5) and remained near zero until trapping periods 7-8. This change in population growth was due in part to experimental removal of animals. Population size in the male-biased treatment was significantly lower than the other 2 treatments due to lower numbers of juveniles recruited. The number of juveniles recruited per female was similar between the control and male-biased treatment but was lower in the female-biased treatment than the other 2 treatments. Thus, once densities reached 20 adult females/enclosure (100 females/ha and Ͼ800 total animals/ha), additional numbers of breeding females did not result in greater numbers of juveniles recruited or a more rapid population growth. This result suggests that at a particular density of reproducing females, population growth is curtailed due to poor juvenile recruitment. But high densities of adult males did not negatively affect juvenile recruitment. The time to maturity for young females was related to the number of females in the population. The shortest time to 1st breeding was in the male-biased enclosures and greatest delay in reproduction was in the female-biased enclosures. This delay, however, was less than 1 week. Thus, density of adult females had a greater effect on juvenile recruitment and sexual maturation than did density of adult males; however, this effect was minimal and probably not biologically meaningful.
Our results are consistent with the past literature that suggests females have a greater impact on juvenile recruitment and population growth than do adult males (Anderson 1989; Lambin 1994; Ostfeld and Canham 1995; Rodd and Boonstra 1988; Wolff 1993 Wolff , 1997 . Reproductive and birth rates were high and comparable among treatments in our study, but fewer juveniles of both sexes entered the population in female-biased enclosures. The mechanism for reduced juvenile recruitment is unknown, but our results are consistent with the hypothesis that reduced juvenile recruitment could result from infanticide committed by adult females (see also Wolff 1997) . Alternatively, litter sizes could have been smaller in the female-biased treatment, but we have no indication from this or our previous studies that litter size changes with density.
In a previous study with densities of greater than 1,000 voles/ha, recruitment remained relatively high on patches with related females, whereas it was lower on patches with unrelated females (Wolff and Schauber 1996) . Litter sizes were comparable in that study, but reduced recruitment on patches with unrelated females was consistent with an infanticide hypothesis. We have no data on litter sizes in this study; nevertheless, we know of no theory or previous studies that have shown how litter size is affected by numbers of adult females in the population. Thus, reduced recruitment in female-biased treatments is probably due to higher mortality of potential recruits between birth and weaning (trappable size). The killing of neonates by females before juvenile emergence has been reported in several species of rodents (Hoogland 1985; Mallory and Brooks 1978; Sherman 1981; Wolff and Cicirello 1991; Ylönen et al. 1997 ) and may be the basis for territorial defense of breeding space by female mammals (Wolff 1993; Wolff and Peterson 1998) . Once juveniles were recruited, their survival and growth were not affected by densities of adult females, but female recruits had a longer time to sexual maturation in female-biased enclosures than in male-biased enclosures. Female meadow voles, Microtus pennsylvanicus, have a greater effect than males on juvenile recruitment, growth rates, and timing of sexual maturation (Boonstra 1989; Ostfeld and Canham 1995) . Lambin (1994) also found that in Townsend's voles, Microtus townsendii, females born at high female densities are less likely to be recruited than those from lower female densities. Other studies have shown that overall density can affect the length of the breeding season (Batzli and Pitelka 1971; Hansson and Henttonen 1985; Ostfeld and Canham 1995) and growth and time of sexual maturation (Boonstra 1978; Bujalska 1985; Lidicker 1979) while not affecting overall pregnancy rates (Lidicker 1973; Ostfeld and Canham 1995; Rodd and Boonstra 1988) . Although these studies did not differentiate between total density and sex-specific density, they show density-dependent effects on female reproductive parameters. Our study indicated that density of adult female gray-tailed voles has a greater effect on juvenile recruitment and reproduction than does total density or density of adult males.
Our results do not support a reproductive-competition hypothesis that adult males would suppress growth and survival of young males. We did not detect significant effects of adult males on recruitment, survival, or time to sexual maturation of juveniles of either sex. Our previous studies likewise failed to provide evidence that infanticide by males affects juvenile recruitment or demography of gray-tailed voles (de la Maza et al. 1999 ). Among male rodents, competition for access to females is usually considered intense (Lidicker 1973 (Lidicker , 1979 Ostfeld 1985; Rose 1979 ), but even with densities as high as 150 males/ha, adult males did not inhibit growth or survival of young males. Our results are consistent with those from other studies on male voles that aggression is directed toward other adult male competitors but not toward immature males (Christian 1971; Lidicker 1979; Rose 1979 ).
Our results did not support the hypothesis that total density resulted in stress that negatively affected recruitment, survival, growth, and sexual development of both sex offspring (Christian 1980; Davis 1978) . The stress described by Christian (1980) and Davis (1978) should result in an overall dysfunction of adrenal-cortical activity having long-term consequences on reproduction. Our results showed a negative effect of adult females specifically on female offspring, and this effect was modest and short term.
Vole populations often reach densities exceeding 200 voles/ha and then crash to very low numbers (Batzli 1992; Krebs and Myers 1974; Norrdahl 1995) . Characteristics of high population densities are reduced juvenile recruitment, reduction of individual growth rates, and delayed sexual maturation of juveniles that are recruited into the population (Boonstra 1989; Chitty 1967; Krebs 1978; Ostfeld and Canham 1995; Wolff 1997) . In this study with gray-tailed voles, we found little evidence that high densities of either sex adult had much effect on these population parameters. Delayed sexual maturation and juvenile recruitment were affected more by females than males, but this difference may not be biologically significant. Differences were slight and under normal densities of wild populations probably have minimal impact on vole demography.
